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Abstract

Di- and trifunctional arylace-
tylenes were used as monomers to
form thermoset matrix resin
composites. Composites can be
hot pressed at 180°C to react
~80% of the acetylene groups.
Crosslinking is completed by
postcuring at 350°C. The
postcured resins are thermally
stable to nominally 460°C in
air. As a result of their high
crosslink density, the matrix
exhibits brittle failure when
uniaxial composites are tested in
tension. Failure of both uniaxial
tensile and flexural specimens
occurs in shear at the fiber
matrix interface. Tensile
fracture stresses for 0° com-
posites fabricated with 60 v/o
Celion 6K graphite fiber were
827MPa (120ksi). The strain to
failure was 0.5%. Composites
fabricated with 8 harness satin
Celion cloth (Fiberite 1133) and
tested in tension also failed in
shear at tensile stresses of
413MPa (60ksi).

1. INTRODUCTION

4,4'-diethynyldiphenyimethane
(DEDPM) was first proposed as a
matrix resin by Bilow et a].(l)
(2) tne
monomer polymerizes exothermical-
ly by a free radical mechanism.

It also will form copolymers with

and Austin and Bilow.

other arylacetylenes. Two such
trifunctional acetylenes, 1, 3,
5-triethynyltriphenyibenzene
(TETPB) and 4,4'4'’'-triethyny-
triphenyimethane (TETPM), are
shown in Figure la. Because of
their high aromatic content,
these polymers are of exceptional
thermal stability and, on heating
above 600°C, form carbon chars
with yields of >90%. (%)

The present study addresses the
applicability of these monomers
for fabrication of high tempera-
ture resin matrix composites
stable in the 370°-400°C temper-
ature regime, just above the
useful operating temperature of
polyimides. Reaction kinetics
were determined by isothermal



and scanning differential scan-
ning calorimetry (DSC) techniques.
Composites fabricated with DEDPM
and copolymers of DEDPM with
TETPB or TETPM were characterized
by dynamic mechanical spectro-
scopy, thermogravimetric analysis
(TGA), thermomechanical analysis
(TMA), three and four point
flexure and tensile testing.

2. EXPERIMENTAL
4, 4'-diethynyldiphenylmethane,
1, 3, 5-triethynyltriphenyl-
benzene and 4,4',4'' -triethynyl-
triphenylmethane were purchased
from Chem. Biochem. Research
Inc., Salt Lake City, Utah, and
used without further purification.
Reaction kinetics of the homo-
polymers, as well as of copolymers
formed between DEDPM and 10 and
20 w/o of the trifunctional
arylacetylenes, were determined
by isothermal differential scan-
ning calorimetry using the
relationship:

R O

where:

AHt is the total heat of
reaction,

%%-is the rate heat evolution

and o is the extent conversion
{0<a<l).

For homopolymerization of DEDPM,
AHt is the total heat evolved as

determined by scanning DSC at
10°C/min to 400°C. 1In the case of
the copolymers, a heat of reaction
per mole of acetylene was
determined from AHt for DEDPM, and
the total heat for the mixed
acetylenes calculated on the basis
of total moles of acetylene per

gram.(3)

Composites were fabricated with
DEDPM and unsized Celion 6K
graphite fiber (CCF, Inc.) as
well as with 8 harness satin
Celion cloth (Fiberite 1133).
Composites of DEDPM with 10 w/o
trifunctional monomers (either
TETPB or TETPM) were fabricated
with continuous filament only.
Both 12 ply 0° and 10 ply
balanced +45° laminates were
prepared. Continuous filament
was wound at 4.7 turns/cm (12
turns/in). The resin was par-
tially polymerized by staging at
120°C for 16h in the case of
DEDPM homopolymer, or 10h for the
dry mixed DEDPM and TETPB or
TETPM powders (see RESULTS and
DISCUSSION). Fiber (or cloth)
was preheated using an array of
heat Tamps, and the resin applied
as a hot melt. After cooling and
accompanying crystallization of
the resin, the prepreg was
removed from the drum, cut and
stacked in a matched metal die
and pressed at 180°C for 1.5h at
a pressure of 1.38MPa.



Composites were characterized
both as fabricated and after
postcuring for 1h at 350°C. Dy-
namic mechanical studies were
conducted on specimens 63.5 x
6.35 x 1.70mm in forced torsion
using a Rheometrics RMS 7700
spectrometer at a frequency of
1Hz. Coefficients of expansion
and glass transition temperatures
were measured using a Perkin-Elmer
thermomechanical TMS-2 analysis
system (TMA) equipped with a
725°C furnace. Measurements were
made in helium. Thermogravimet-
ric analysis (TGA) was carried
out both in nitrogen and in air
at a heating rate of 10°C/min
using composite samples nominally
17.0 x 20.3 x 20.3mm.

Flexural specimens nominally 101
x 6.35 x 1.70mm 6.35mm wide were
tested in both three and four
point bending at a span to depth
ratio of 32 to 1. Crosshead
speed was 1.27mm/min for three
point Toading, and .5mm/min in
four point loading of the fabric
reinforced composites. Tapered
fiberglass epoxy tabs were bonded
to straight-edged tensile
specimens 203 x 12.7 x 1.70mm in
dimension. Strain was measured
by gauges bonded to both sides of
the composite. Loading was at a
crosshead rate of 1.27mm/min.

3. RESULTS AND DISCUSSION
3.1 Reaction Kinetics
DEDPM melts at 60°C to a low

viscosity fluid, and polymerizes
exothermically at 120°C and above.
A typical DSC scan is shown in
Figure 2. The heat of reaction,
as determined by the area under
the exotherm, is 1116 J/g, or
127.2kJ per mole of acetylene. On
heating to 350°C virtually all the
acetylene groups are reacted, as
indicated by the disappearance

of the 3294cm™! infrared band
attributable to acetylene hydrogen
stretching.(4) On polymerization
at 180°C, slightly more than 80%
reaction of acetylene end groups
is achieved (Figure 3). At this
extent of conversion and temper-
ature vitrification occurs, and
higher temperatures are needed to
achieve crosslinking. This
further crosslinking on "post-
curing” can be demonstrated by
the increase in shear modulus

seen in forced torsion of a
Celion/DEDPM composite cured at
180°C for 1.5h when that com-
posite is heated beyond the
initial cure temperature
(Figure 4).

The polymerization kinetics
obtained at 170-200°C have been
shown(4) to follow the relation-
ship for an autocatalyzed reac-
tion proposed by Kamal and

Sourour(s):
%%— = ka"(1-a)" (2)



where o is the extent of
conversion and t is time

0
with:
k , = 1.942 x 1011 sec™!
E = 126.2kJd/mole (activation

energy)
m = .106
n =1
R = 8.3144 J deg”! mole~!, and
T

temperature, K

On copolymerization of DEDPM with
trifunctional monomers at 180°C,
the rate of conversion is
decreased slightly when TETPB is
the second monomer, and more
substantially with addition of
TETPM (Figure 3). The decreased
rate of polymerization may be
attributed to the increase in
viscosity which accompanies the
introduction of trifunctional
crosslinking sites. The smaller
size of the TETPM molecule
relative to that of TETPB may
introduce steric hindrance to
reaction of the third ethynyl
group, which could account for
the further decrease in reac-
tivity. At low temperature
(120°C) the relative rates of
reaction for the copolymerization
and homopolymerization are
reversed (Figure 5). The
kinetics no longer can be
described by equation (2), and
the rate of reaction is greater

on copolymerization with TETPB
than with TETPM. The low
temperature polymerization
reactions are discussed in
greater detail e]sewhere.(3)

Because the melt viscosity of the
monomers is extremely low,
attempts to fabricate composites
by solvent casting the monomers
and then hot pressing resulted in
excessive loss of resin from the
mold and high void content.
Therefore the resins were first
partially polymerized by heating
at 120°C. (Staging at higher
temperatures is difficult due to
the large heat of reaction and
leads to runaway exotherms).

It was determined empirically
that the viscosity at nominally
20% conversion is suitable for
hot melt fabrication; this
corresponds to a polymerization
time of 16h for DEDPM, or 10h for
the 10% copolymers, as shown in
Figure 5. (Heating of the
copolymers at 120°C for 16h takes
them beyond their gel point).
Scanning DSC of TETPB and TETPM
alone produces heats of reaction
of 59% and 81%, respectively, of
those calculated based on the
total number of ethynyl groups
present. Therefore, in fabrica-
ting composites, only 10%
additions of trifunctional
reactants were studied so as to



avoid the influence of unreacted
end groups.

3.2 Composite Physical Properties
The as-fabricated composites (hot
pressed at 180°C, but not post-
cured) have glass transition (Tg)
temperatures, as determined by
TMA at a heating rate of 10°C/
minute in helium, of 320°C for
DEDPM and the .90 DEDPM/.10 TETPM
copolymer, and 333°C for the .90
DEDPM/.10 TETPB copolymer. The
copolymers are not fully cured at

this stage; considerable variation
is seen from sample to sample for
the copolymers, though not for
the homopolymer. On heating to
higher temperatures, a second
peak Tg appears at >460°C
following one hour postcure at
350°C. The Tg continues to shift
upward on further heating. TGA
shows that the composites all
Tose ~0.4% of their weight on
postcuring at 350°C, and this
weight loss occurs on first
heating to 350°C; there is no
further decrease on holding at
this temperature for lh. Further
heating in inert atmosphere
(nitrogen) shows the onset of
more significant weight loss
occurs at >500°C for all com-
posites (Table I), and above
470°C for DEDPM composite heated
in air (Figure 6), corresponding
to the oxidation of carbon.

Total weight loss to 950°C in
inert atmosphere is <6%.

3.3 Composite Mechanical
Properties

Uniaxial composites having
nominally 60 v/o fiber content
were screened in three point

flexural loading. At a span to
depth ratio of 32 to 1, all samples
tested failed in shear at mid-
plane. Stresses at fracture,
including the shear stress at
midplane, are summarized in Table
II. A1l three resin compositions
share a low shear strength; the
DEDPM and 10% TETPB resins seemed
slightly more resistant to shear
than did the 10% TETPM
composition.

In uniaxial tension all three
resins again failed in shear
within the gripping region one or
two plies below the laminate
surface. Examination of the
fracture surface by optical
microscopy showed that fracture
occurred at the fiber matrix
interface, and not within the
matrix. A1l samples failed at
approximately 827MPa (120ksi) at
a strain of 0.5%.

Balanced 10 ply +45° laminates

were fabricated in an attempt to
measure shear strength. (6)
These showed evidence of delamin-
ation prior to testing and were

not evaluated further. Measure-
ment of the coefficient of ther-

mal expansion along the principal



composite axes (Figure 7) showed
essentially zero expansion in the
fiber direction, and marked
anisotropy in the 2 and 3
directions. The expansion in the
2 direction was significantly
greater than that through the
thickness, suggesting that these
composites delaminate as a result
of high residual thermal stress
(o= 3.0 x 1075 along the 2 axis,
and 2.2 x 1072 along the 3 axis
for the DEDPM matrix composite as
fabricated; these values changed
on further heating).

Fabric reinforced composites also
failed by delamination at approx-
imately half the stress level
determined for the unidirectional
laminates. Flexural testing of
the fabric composites resulted in
delamination one ply below the
surface under compression.

4, CONCLUSIONS
Composites of poly (4,4'-
diethynyldiphenylimethane) and
copolymers of DEDPM with 1, 3, 5-
triethynyltriphenylbenzene and
4,4' .4'" -triethynyltriphenyl-
methane are easily formed by hot
pressing at Tow temperatures
(180°C). Postcuring at 350°C is
required to increase crosslink
density. The resins are
thermally stable to ~460°C in
air, and thus are candidate
materials for use at ~400°C,
above the current use
temperatures of polyimides. The
Taminates produced from these

arylacetylenes all show a tendency
to fail in shear under both
flexural and tensile loadings.
Because of their high extent of
crosslinking the matrices behave
in a brittle manner. Uniaxial
tensile specimens all failed at
0.5% strain by delamination. The
poor shear strength and low
strain to failure combine to limit
load bearing capabilities. The
matrices themselves appear to be
anisotropic as evidenced by the
differences in coefficient of
expansion along the 2 and 3
composite axes. This results in
high residual thermal stresses,
and poor laminates when a cross-
ply lay-up is employed. However
fabric reinforced composites
demonstrate reasonable tensile
properties. In bending the
fabric reinforced Taminates all
failed by debonding just below
the compressive surface; this
might be attributed to the low
strain capability of the matrix,
or to the poor bond between
matrix and fiber. The ease of
fabrication and temperature
capabilities render these resin
systems of interest for further
study despite their mechanical
strength limitations.
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TABLE I

THERMAL STABILITY AS DETERMINED BY TGA

Matrix
DEDPM

.90 DEDPM/.10 TETPB
.90 DEDPM/.10 TETPM

Matrix

DEDPM
.90 DEDPM/.10 TETPB
.90 DEDPM/.10 TETPM

AT 10°/MIN. IN NZ
Onset, °C
520
540
550

TABLE II
THREE POINT FLEXURAL STRENGTH
32:1
Shear Stress
Fracture Stress* at Fracture
MPa ksi MPa ksi
1116 162.2 17.3 2.51
1185 171.7 18.4 2.68
992 144.3 15.3 2.22

*A11 specimens failed in shear
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